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Abstract
Prostaglandin E2 blocks transforming growth factor TGF β1-induced CCN2/CTGF expression in
lung and kidney fibroblasts. PGE2 levels are high in gingival tissues yet CCN2/CTGF expression is
elevated in fibrotic gingival overgrowth. Gingival fibroblast expression of CCN2/CTGF in the
presence of PGE2 led us to compare the regulation of CCN2/CTGF expression in fibroblasts cultured
from different tissues. Data demonstrate that the TGFβ1-induced expression of CCN2/CTGF in
human lung and renal mesangial cells is inhibited by 10 nM PGE2, whereas human gingival fibroblasts
are resistant. Ten nM PGE2 increases cAMP accumulation in lung but not gingival fibroblasts, which
require 1 μM PGE2 to elevate cAMP. Micromolar PGE2 only slightly reduces the TGFβ1-stimulated
CCN2/CTGF levels in gingival cells. EP2 prostaglandin receptor activation with butaprost blocks
the TGFβ1-stimulated expression of CCN2/CTGF expression in lung, but not gingival, fibroblasts.
In lung fibroblasts, inhibition of the TGFβ1-stimulated CCN2/CTGF by PGE2, butaprost, or forskolin
is due to p38, ERK, and JNK MAP kinase inhibition that is cAMP-dependent. Inhibition of any two
MAPKs completely blocks CCN2/CTGF expression stimulated by TGFβ1. These data mimic the
inhibitory effects of 10 nM PGE2 and forskolin that were dependent on PKA activity. In gingival
fibroblasts, the sole MAPK mediating the TGFβ1-stimulated CCN2/CTGF expression is JNK.
Whereas forskolin reduces TGFβ1-stimulated expression of CCN2/CTGF by 35% and JNK
activation in gingival fibroblasts, micromolar PGE2-stimulated JNK in gingival fibroblasts and
opposes the inhibitory effects of cAMP on CCN2/CTGF expression. Stimulation of the EP3 receptor
with sulprostone results in a robust increase in JNK activation in these cells. Taken together, data
identify two mechanisms by which TGFβ1-stimulated CCN2/CTGF levels in human gingival
fibroblasts resist down-regulation by PGE2: (i) cAMP cross-talk with MAPK pathways is limited in
gingival fibroblasts; (ii) PGE2 activation of the EP3 prostanoid receptor stimulates the activation of
JNK.

Connective tissue growth factor (CTGF),2 or CCN2, is a 38-kDa secreted protein belonging
to the CCN family of growth factors, and its expression is induced in cultured fibroblasts by
TGFβ (1-4). CCN2/CTGF has been shown to promote the synthesis of various constituents of
the extracellular matrix (5-9) and its overexpression is associated with the onset and
progression of fibrosis in skin (scleroderma) (10,11), kidney (12,13), liver (14-18), brain
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(Alzheimer disease) (19), lung (20,21), human gingiva (22-24), vasculature (atherosclerosis)
(25-27), pancreas (chronic pancreatitis) (28), digestive system (inflammatory bowel disease)
(29), and the eye (lens) (30). In scleroderma lesions of the skin CCN2/CTGF is overexpressed
in the body of the lesion, whereas TGFβ is expressed in only the leading edges of the lesion
and suggests that TGFβ initiates persistent CCN2/CTGF expression (10). A similar mechanism
may be involved in promoting gingival overgrowth and fibrosis in response to the anti-
convulsive drug phenytoin (Dilantin®). Immunohistologic analyses have revealed that CCN2/
CTGF, and to a lesser degree TGFβ1, are overexpressed in gingival lesions in patients
experiencing phenytoin- (Dilantin) induced gingival overgrowth and fibrosis (22-24).

More recent quantitative real time PCR analysis of RNA isolated from human gingival tissues
indicate that CCN2/CTGF mRNA expression is increased 6-fold in phenytoin-induced gingival
overgrowth tissues (24). We have found that TGFβ1 strongly up-regulates CCN2/CTGF
expression in cultured primary human gingival fibroblasts (22-24). Among drug-induced
gingival overgrowth lesions, those caused by phenytoin are more fibrotic and contain little to
no leukocytic infiltration compared with lesions induced by cyclosporine-A or nifedipine
(22). Taken together with the notion that CCN2/CTGF can itself enhance the production of
extracellular matrix macro-molecules, these data suggest that phenytoin-induced gingival
overgrowth results from the accumulation of fibrous constituents of the extracellular matrix
that are likely stimulated by TGFβ1 and CCN2/CTGF.

Published studies investigating the TGFβ1-induced expression of CCN2/CTGF in human fetal
lung fibroblasts (IMR90) and normal rat kidney fibroblasts indicate that CTGF expression is
highly sensitive to PGE2-mediated inhibition via a cAMP-dependent mechanism (8,31,32).
CCN2/CTGF overexpression occurs in gingival overgrowth tissues, in response to phenytoin,
where PGE2 levels are persistently high due to normal wounding and inflammation in the oral
environment that results from normal masticatory function (33,34). We therefore conducted
comparative analyses of human fibroblasts from different tissues to investigate the effects of
PGE2 on the TGFβ1-stimulated expression of CCN2/CTGF. We suspected that gingival

2The abbreviations used are:

CTGF  
connective tissue growth factor

DN-JNK1  
dominant negative JNK1

TGFβ  
transforming growth factor β

MAPK  
mitogen-activated protein kinase

JNK  
c-Jun NH2-terminal kinase

SAPK  
stress-activated protein kinase

ERK  
extracellular signal-regulated kinase

PGE2  
prostaglandin E2

ELISA  
enzyme-linked immunosorbent assay

PKA  
protein kinase A
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fibroblasts utilize unique signal transduction pathways to promote CCN2/CTGF expression in
response to TGFβ1 that make these cells resistant to the inhibitory effects of PGE2.

Mitogen-activated protein kinases (MAPK) pathways stimulated by TGFβ1 are involved in
the tissue-specific expression of CCN2/CTGF in human fibroblasts (35). Our findings
demonstrate that the tissue-specific effect of PGE2 on the TGFβ1-stimulated expression of
CCN2/CTGF in human fibroblasts depends primarily on the differences in cAMP-mediated
inhibition of MAPK signaling. These data support the need for developing therapeutic
approaches to regulate the TGFβ1-induced expression of CCN2/CTGF and fibrosis on the basis
of the tissue-specific signal transduction pathways.

EXPERIMENTAL PROCEDURES
Materials

SB203580, SP600125, PD98059, forskolin, KT5720, and cAMP ELISA kits were obtained
from Sigma; RNeasy mini-RNA purification kits purchased from Qiagen; TGFβ1 from
Peprotech; prostaglandin E2 and mouse anti-β-actin monoclonal antibody from Calbiochem;
butaprost and sulprostone from Cayman; rabbit anti-human CCN2/CTGF polyclonal antibody
was kindly provided by FibroGen Corporation, South San Francisco, CA; U0126, LumiGLO
chemiluminescent detection system, rabbit anti-MAPK antibodies against phospho-SAPK/
JNK (Thr-183, Tyr-184; catalog number 9251), total SAPK/JNK (catalog number 9252),
phospho-ERK1/2 (p44/42) (Thr-202, Tyr-204; catalog number 9101), total ERK1/2 (catalog
number 9102), phospho-p38 (Thr-180, Tyr-182; catalog number 9211), total p38 (catalog
number 9212) antibodies, and secondary anti-rabbit horseradish peroxidase-conjugated
antibodies were obtained from Cell Signaling. Dulbecco’s modified Eagle’s medium,
phosphate-buffered saline, trypsin, non-essential amino acids, and antibiotics (penicillin/
streptomycin) from Invitrogen; all solutions, TaqMan probes, and instruments for real time
PCR were obtained from Applied Biosystems; 100-mm and 6-well cell culture plates from
Fisher; Restore Western blot Stripping Solution from Pierce. Nuclear extraction kits were
obtained from Active Motif.

Cell Culture
IMR90 (human fetal lung) fibroblasts and primary human renal mesangial cells were purchased
from ATCC and Cambrex, respectively. Primary human gingival fibroblasts were obtained
from donors without gingival overgrowth from the Clinical Research Center at Boston
University Goldman School of Dental Medicine as described previously (23). Gingival cells
from two different adult donors were used and data obtained were fully reproducible. Data
shown are from one donor (HCT-11). Fibroblasts from all tissues were grown in Dulbecco’s
modified Eagle’s medium supplemented with 0.1 mM non-essential amino acids, 10% fetal
bovine serum, and 100 units/ml penicillin, and 0.1 mg/ml streptomycin at 37 °C and 5%
CO2 in a fully humidified incubator in 100-mm cell culture dishes. Cells were grown to 80%
confluence and then placed in serum-free medium containing 0.1% bovine serum albumin for
a minimum of 12 h prior to treatment. Specified inhibitors were next added in serum-free bovine
serum albumin medium for 30 or 60 min prior to the addition of TGFβ1 or vehicle. TGFβ1
treatments were generally for either 4 h for RNA analyses, or 6 h for protein analyses, based
on previous studies (23). Cells were not passed beyond four passages.

Real Time PCR
Total RNA was isolated from fibroblast cell cultures and purified using RNeasy mini-RNA
purification kits (Qiagen). RNA obtained was run on a 1% agarose gel to ensure RNA quality
by analyzing for the presence of 18 and 28 S rRNA in proper relative proportions. RNA was
quantified via spectrophotometry and 1 μg of RNA per treatment condition was added to 30
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μl of reverse transcription reactions using random primers and the Applied Biosystems Reverse
Transcription kit. Thermal cycler conditions for reverse transcription were 25 °C for 10 min,
37 °C for 60 min, and 95 °C for 5 min and cDNA was stored at -20 °C prior to use in real time
PCR. Four microliters of each reverse transcription reaction was used for 50 μl of real time
PCR using the traditional 96-well format. TaqMan probes for CCN2/CTGF (catalog number
Hs00170014_m1) and glyceraldehyde-3-phosphate dehydrogenase (catalog number
Hs99999905_m1) were used in real time PCR analyses. Real time PCR were run in an Applied
Biosystems GeneAmp Prism 7700 System at thermal cycler conditions of 50 °C for 2 min, 95
°C for 10 min, and 60 °C for 1 min for 40 cycles. Data were analyzed using the 2-ΔΔct method
and CCN2/CTGF mRNA levels were normalized to glyceraldehyde-3-phosphate
dehydrogenase mRNA and no treatment controls (36).

Western Blot Analysis
Fibroblast cell cultures were grown as described above and total protein harvested by dissolving
cell layers in 500 μl of sample buffer containing 62.5 mM Tris, 10% glycerol, 2% SDS, and 5%
β-mercaptoethanol per 100-mm culture dish. Samples were then boiled for 5 min and stored
at -80 °C. Samples were then subjected to 10% SDS-PAGE and Western blotting with
antibodies specific for proteins of interest. Proteins were transferred to polyvinylidene
difluoride membranes overnight at 4 °C in blotting buffer containing 0.025 M Tris, 0.192 M

glycine, and 20% methanol. Membranes were blocked with blocking solution containing 5%
dry milk in TBST (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween) for 1 h in the
presence of primary rabbit antibodies overnight at 4 °C with mild shaking. Membranes were
then washed with TBST 5 times for 10 min each. Membranes were next subjected to incubation
in the presence of secondary, anti-rabbit horse-radish peroxidase-conjugated antibodies in 5%
milk and TBST for 2 h at room temperature with mild shaking. Membranes were washed with
TBST 5 times for 5 min each. Chemiluminescent detection of bound horseradish peroxidase-
conjugated secondary antibodies was determined using the LumiGlo/peroxide and exposed to
film. Membranes were subsequently stripped using Restore Western Stripping Solution and
re-probed for loading controls as required.

cAMP ELISA
ELISA kits for the detection of cAMP were obtained from Sigma (catalog number CA200)
and experiments followed the manufacturer’s suggested guidelines. Briefly, fibroblasts were
cultured in 6-well plates and grown until confluent and subsequently serum deprived for a
minimum of 12 h. Cells were then challenged with a low (10 nM) or high (1 μM) concentration
of PGE2 for the times indicated in the text. Culture lysates were then harvested using 150 μl
of 0.1 N HCl per well and maintained on ice until the assay was conducted. Absorbance was
measured at 550 nm and data were analyzed via interpolation with standards using semi-
logarithmic paper. A minimum of n = 5 for each experimental condition was performed.

Analysis of TGFβ1-induced Smad Activation and Nuclear Localization
Gingival fibroblast cultures were grown to near confluence and serum starved for 12 h. Cultures
were then pre-incubated with 10 μM MAPK inhibitors PD98059, U0126, SP600125, and
SB203580 for 1 h. Media were then removed and replaced with identical concentrations of
MAPK inhibitor in addition to 5 ng/ml TGFβ1 and incubated for an additional 30 min. Total
cell layer protein was harvested to determine the effect of MAPK inhibition on Smad-3
phosphorylation/activation by TGFβ1 using Western blot analysis. Nuclear extracts were also
obtained following the 30-min incubation in the presence of TGFβ1 with or without challenge
with the JNK inhibitor SP600125 (10 μM). Cells were lysed and nuclei obtained free of cytosolic
proteins according to the manufacturer’s instructions (Active Motif Nuclear Extraction Kit).
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Phosphorylated Smad-3 levels were then determined in nuclear extracts via Western blot
normalized to lamin B.

Expression of Recombinant Adenovirus
Gingival fibroblasts were grown in 12-well plates to 80% confluence. Adenovirus expressing
β-galactosidase was used as the control and assessment of the level of infection and gene
expression in our cells. The dominant negative adenoviral construct for JNK1 (Cell Biolabs,
Inc., ADV-115) was introduced at a concentration of 1010 infectious units/ml and cultures were
grown for 48 h to permit expression. At this concentration of virus we achieved ∼100%
infection of gingival fibroblasts as determined by β-galactosidase staining determined
separately with a β-galactosidase-expressing viral construct (Cell Biolabs). Forty-eight hours
post-infection, TGFβ1 was added and cultures were incubated for 6 h prior to harvest of total
cell layer protein for Western blot analysis of CCN2/CTGF protein.

RESULTS
Tissue-specific Inhibition of the TGFβ1-stimulated Expression of CCN2/CTGF by PGE2

Human gingival tissues persistently contain relatively high levels of PGE2 as a consequence
of normal levels of inflammation in the oral environment and normal masticatory function
(33,34). PGE2 has been shown to block the TGFβ1-stimulated expression of CCN2/CTGF in
lung and kidney fibroblastic cells (31,32). However, we have demonstrated that CCN2/CTGF
is expressed at high levels in phenytoin-induced gingival overgrowth lesions in human patients
(22,23). We therefore investigated the ability of PGE2 to inhibit TGFβ1-stimulated CCN2/
CTGF expression in gingival fibroblasts. Primary fibroblast cell cultures from human gingiva,
and control lung (IMR90) and primary kidney mesangial fibroblastic cells were grown and
pre-treated with PGE2 for 1 h followed by the addition of 5 ng/ml TGFβ1 as described under
“Experimental Procedures” to determine the effects of PGE2 on the TGFβ1-induced expression
of CCN2/CTGF as a function of the tissue of origin. Data demonstrate that TGFβ1 increases
CCN2/CTGF expression in cultures of primary human gingival fibroblasts, renal mesangial
cells, and lung fibroblasts. Pretreatment with 10 nM PGE2 completely blocks the expression of
CCN2/CTGF mRNA (Fig. 1A) and protein levels (Fig. 1B) in human renal mesangial cells and
IMR90 (lung) fibroblasts. In contrast, CCN2/CTGF mRNA expression induced by TGFβ1 in
human gingival fibroblasts is not reduced by challenge with 10 nM PGE2 and only slightly
reduced in response to 1 μM PGE2 (Fig. 1A). The receptor-independent activator of adenylate
cyclase, forskolin, was next utilized to investigate a role for elevated cAMP in the absence of
PGE2 receptor stimulation. Forskolin completely blocked CCN2/CTGF mRNA expression in
response to TGFβ1 in human lung and renal mesangial cell cultures (Fig. 1A). Gingival
fibroblast cultures, however, were found to be more resistant to the inhibitory effects of
forskolin although forskolin did more potently reduce CCN2/CTGF mRNA expression than
did 1 μM PGE2 (Fig. 1A). Western blot analysis for CCN2/CTGF protein in the different
fibroblastic cultures confirmed that gingival fibroblasts are resistant to the inhibitory effects
of PGE2 (Fig. 1B). The differing degrees of susceptibility, or resistance, to inhibition with
PGE2 suggest that unique signaling mechanisms occur in human gingival fibroblasts. Thus,
we focused our investigation on human gingival fibroblasts and the human lung fibroblasts to
further explore these tissue-specific mechanisms of regulating the TGFβ1-induced expression
of CCN2/CTGF by PGE2.

Forskolin and PGE2 Are Weak Inhibitors of CCN2/CTGF Protein Expression in Human
Gingival Fibroblasts

Human gingival fibroblast cultures are resistant to the inhibitory effects of nanomolar
concentrations of PGE2 on CCN2/CTGF protein expression (Fig. 1B), but 1 μM PGE2 and 10
μM forskolin resulted in a weak inhibition of CCN2/CTGF mRNA expression in gingival
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fibroblasts (Fig. 1A). We next determined if this inhibition also occurred at the level of CCN2/
CTGF protein expression. Gingival fibroblast cultures were pretreated with 10 nM PGE2, 1
μM PGE2, or 10 μM forskolin for 30 min. Cells were then fed with media supplemented with 5
ng/ml TGFβ1 and PGE2, or forskolin, and cultures were incubated for another 6 h prior to
harvesting total cell layer protein for Western blot analysis. A representative Western blot
demonstrates that 10 nM PGE2 had no effect on the TGFβ1-stimulated expression of CCN2/
CTGF protein in gingival fibroblast cultures as expected, whereas treatment with 1 μM PGE2
or forskolin resulted in a slight reduction of CCN2/CTGF protein (Fig. 2A). Densitometry
analyses of three separate Western blots from different experiments demonstrate that 1 μM

PGE2 results in a 10-13% reduction in the TGFβ1-induced expression of CCN2/CTGF protein,
whereas forskolin more potently reduced CCN2/CTGF protein by 30-34% (Fig. 2B). Data
confirm that gingival fibroblasts are resistant to down-regulation of TGFβ1-stimulated CCN2/
CTGF protein levels by PGE2, and that forskolin is a weak inhibitor.

Stimulation of the EP2 Prostanoid Receptor Blocks the Expression of CCN2/CTGF in Human
Lung but Not in Gingival Fibroblasts

Published reports have shown that PGE2 blocks CCN2/CTGF expression in human lung
(IMR90) and normal rat kidney fibroblasts by a cAMP-mediated mechanism (31,32). Of four
PGE2 receptors that have been characterized, EP1-EP4, EP2, and EP4 are Gαs-coupled
receptors capable of directly stimulating adenylate cyclase activity and the accumulation of
cAMP (37,38). Direct evidence for EP2 receptor involvement in mediating the inhibitory
effects of PGE2 have been reported (39). The EP3 prostanoid receptor is capable of either
stimulating or inhibiting cAMP production depending on the predominant isoform expressed
in a particular tissue or cell type (40). We therefore conducted experiments to determine the
effects of the direct stimulation of specific PGE2 receptors EP2 and EP3, to determine which
receptor isoforms were responsible for promoting the inhibitory effects of PGE2 on CCN2/
CTGF expression. Cultures of human lung and gingival fibroblasts were pretreated with the
EP2- or EP3-specific agonists, butaprost and sulprostone, respectively, for 30 min prior to
stimulation with TGFβ1. The direct stimulation of the EP2 receptor with butaprost resulted in
the complete inhibition of the TGFβ1-stimulated expression of CCN2/CTGF mRNA (Fig.
3A) and protein (Fig. 3B) in cultures of lung fibroblasts, as expected. In gingival fibroblasts,
we observed only a decrease of 50% in CCN2/CTGF mRNA expression in response to EP2
stimulation (Fig. 3A) and no reduction in CCN2/CTGF protein levels (Fig. 3C). Stimulation
of EP3 with sulprostone did not have any significant effect on CCN2/CTGF mRNA expression
in lung fibroblasts, but appeared to slightly increase CCN2/CTGF protein in gingival
fibroblasts (Fig. 3, A-C). These data suggest that cAMP accumulation in response to the
stimulation of the EP2 prostanoid receptor is responsible for the specific inhibition of CCN2/
CTGF expression in human lung fibroblasts and is consistent with published studies (32). By
contrast, gingival fibroblasts are resistant to the inhibitory effects of EP2 activation (Fig. 3C).

PGE2-induced cAMP Accumulation Is Greater in Human Lung Fibroblasts Than in Gingival
Fibroblasts

Two of the four known PGE2 receptor subtypes are capable of stimulating adenylate cyclase
activity and the production of cAMP upon binding PGE2 (37,38). We hypothesized that cAMP
production and/or accumulation could be higher in cells with a greater susceptibility to the
inhibitory effects of PGE2 on CCN2/CTGF expression (lung fibroblasts versus gingival
fibroblasts). Cultures of both human lung and gingival fibroblasts were treated for various
times with either low (10 nM) or high (1 μM) concentrations of PGE2, and cAMP accumulation
was determined by ELISA. Data demonstrate that 10 nM PGE2 was sufficient to produce a
strong and transient increase of cAMP in lung fibroblast cultures with maximal production 5
min after treatment, with cAMP levels gradually returning to basal levels by 60 min (Fig. 4).
The only statistically significant (*, p < 0.001) increase in cAMP in gingival fibroblast cultures
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in response to 10 nM PGE2 occurred 30 min after treatment (Fig. 4) and was less than 5% of
the increase in cAMP observed in cultures of human lung fibroblasts. Lung fibroblast cultures
treated with 1 μM PGE2 exhibited a sustained accumulation of cAMP beyond 60 min following
treatment. In contrast, cAMP levels in gingival fibroblasts were increased only transiently in
response to 1 μM PGE2 with maximal accumulation at 30 min with levels rapidly returning to
basal levels by 60 min post-treatment (Fig. 4). The receptor-independent activator of adenylate
cyclase, forskolin (10 μM), yielded a significant but somewhat less robust increase in cAMP
than did 1 μM PGE2 in cultures of lung and gingival fibroblasts as measured at 30 min post-
treatment (Fig. 4).

Tissue-specific MAPK Signaling Requirements for TGFβ1-stimulated CTGF Expression
TGFβ1 has been shown to stimulate the activation of MAPKs, p38, ERK, and JNK (35). We
hypothesized that the observed tissue-specific regulation of the TGFβ1-mediated expression
of CCN2/CTGF may involve the differential activation of MAPK signaling cascades. We
therefore challenged cultures of both human lung and gingival fibroblasts with inhibitors of
individual MAPKs to determine the MAPK signaling requirements for the TGFβ1-stimulated
expression of CCN2/CTGF mRNA and protein. Cultures were pretreated with the indicated
inhibitors for 60 min and media was replaced with fresh medium containing 5 ng/ml TGFβ1
and inhibitor, and then incubated for 4 or 6 h as indicated under “Experimental Procedures.”
The inhibition of JNK with 10 μM SP600125 resulted in a dramatic decrease in CCN2/CTGF
mRNA (Fig. 5A) and protein (Fig. 5B) expression in gingival fibroblasts, whereas challenge
with 10 μM SB203580 (p38 inhibitor), U0126, or PD98059 (ERK1/2 inhibitors) was without
significant effect. By contrast, the presence of any MAPK inhibitor in cultures of human lung
fibroblasts significantly reduced CCN2/CTGF mRNA (Fig. 5C) and protein expression (Fig.
5D). Densitometric analysis from four separate experiments demonstrates that the inhibition
of JNK with 10 μM SP600125 was significant and reduced CCN2/CTGF protein expression in
response to TGFβ1 by 60% in gingival fibroblasts (Fig. 5E). Data demonstrate that different
MAPK signaling pathways are required to promote optimal expression of CCN2/CTGF mRNA
in response to TGFβ1 in human lung and gingival fibroblasts. Control experiments
demonstrated that treatment of MAPK inhibitors without TGFβ1 did not elevate CCN2/CTGF
expression (data not shown).

Dominant Negative JNK1 Inhibits TGFβ1-stimulated CCN2/CTGF Expression
Inhibition of JNK with SP600125 resulted in a significant reduction of CCN2/CTGF mRNA
and protein expression induced by TGFβ1 in gingival fibroblasts. To independently confirm
that these results were not due to nonspecific effects of this pharmacologic inhibitor, we
infected gingival fibroblast cultures with recombinant adenovirus expression dominant
negative JNK1 (DN-JNK1). Gingival fibroblast cultures were infected and treated as described
under “Experimental Procedures.” Fig. 6A demonstrates that the overexpression of DN-JNK1
protein is achieved following infection with the recombinant adenovirus. Gingival fibroblast
cultures expressing DN-JNK1 showed a significant reduction in CCN2/CTGF expression upon
stimulation with TGFβ1 compared with control cultures infected with adenovirus expressing
β-galactosidase (Fig. 6, B and C).

TGFβ1 Activation and Nuclear Localization of Smad-3 Is Independent of JNK Activation
Smad-3 has been shown in Smad-3 knock-out studies to be a critical component of TGFβ1-
stimulated CCN2/CTGF expression and the progression of fibrosis in the lungs, kidneys, and
skin (41-43). Interestingly, one study has suggested that Smad-3 phosphorylation by JNK
facilitates both its activation by the TGFβ receptor complex and its nuclear accumulation
(44). We therefore wished to determine whether the decreased expression of CCN2/CTGF by
JNK inhibition was the consequence of interference with TGFβ1-mediated inhibition of
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Smad-3 activation or nuclear accumulation. Our data suggest that the JNK inhibitor SP600125
(10 or 20 μM) caused no reduction in TGFβ1-mediated phosphorylation of Smad-3 (Fig. 7A)
or the nuclear localization of phosphorylated Smad-3 (Fig. 7B).

cAMP Inhibition of MAPK Signaling Is Tissue-specific
Inhibition of any MAPK significantly reduces CCN2/CTGF mRNA and/or protein levels in
response to TGFβ1 in human lung fibroblasts. We hypothesize that cAMP accumulation may
inhibit one or more MAPKs in these cells and may be the mechanism through which lung cells
exhibit CCN2/CTGF down-regulation in response to PGE2. We further suspected that PGE2
and cAMP would not affect MAPK signaling in gingival fibroblasts. The receptor-independent
stimulator of adenylate cyclases, forskolin, was next used to examine the inhibitory effect(s)
of cAMP on the TGFβ1-induced activation of MAPKs in the absence of PGE2 receptor
activation. Pretreatment of fibroblast cultures for 30 min with 10 μM forskolin prior to the
addition of TGFβ1 significantly reduced the TGFβ1-induced phosphorylation of JNK in
gingival fibroblasts but had little effect on the phosphorylation of p38 or ERK1/2 (Fig. 8A). In
human lung (IMR90) fibroblasts, however, forskolin greatly reduced JNK, p38, and ERK1/2
phosphorylation (Fig. 8B). These data suggest that the cAMP-mediated inhibition of all three
MAPKs accounts for the observed sensitivity to the inhibitory effects of PGE2 on CCN2/CTGF
expression in IMR90 (lung) fibroblasts. The small reduction of CCN2/CTGF observed at 1
μM PGE2 levels in gingival fibroblasts may depend on the cAMP-mediated inhibition of JNK.

JNK/p38 or JNK/ERK Inhibition Blocks CCN2/CTGF Protein Expression in Human Lung
Fibroblasts

Forskolin, via the receptor-independent accumulation of cAMP, inhibits the activation of each
major MAPK family member in IMR90 lung fibroblasts. Whereas the inhibition of any one
MAPK family member results in a significant decrease in CCN2/CTGF expression induced
by TGFβ1 in human lung fibroblasts, it is likely that the combined inhibition of MAPKs by
cAMP could result in the complete inhibition observed upon challenge with low concentrations
of PGE2. It follows, therefore, that the inhibition of MAPK family members with combinations
of pharmacological inhibitors would completely block the TGFβ1-stimulated expression of
CCN2/CTGF protein in cultures of lung fibroblasts. Cultures were pretreated for 1 h with
different combinations of two MAPK inhibitors (10 μM). Media was subsequently replaced
with media containing the identical composition and concentration of MAPK inhibitors and 5
ng/ml TGFβ1. Cultures were incubated for an additional 6 h prior to harvest of cell layer protein
for Western blot analysis. Data show that the total inhibition of the TGFβ1-induced expression
of the CCN2/CTGF protein resulted from the combination of the JNK inhibitor, SP600125,
and either p38, with 10 μM SB203580, or ERK, with 10 μM U0126 (Fig. 9). These data confirm
our findings that the activation of more than one MAPK is required in human lung fibroblasts
for the maximal stimulation of CCN2/CTGF expression by TGFβ1 in IMR90 lung fibroblasts
(Fig. 9), and that PGE2/cAMP inhibits CCN2/CTGF expression by inhibiting more than one
MAPK pathway in these lung cells.

Inhibition of CCN2/CTGF Expression by PGE2/Forskolin Depends on PKA in Human Lung
Fibroblasts

Because cAMP levels are dramatically increased in lung versus gingival fibroblasts, we
suspected that the inhibition of CCN2/CTGF expression by PGE2 in lung cells may be due to
high cAMP levels. A direct consequence of increased cAMP is the subsequent activation of
protein kinase A (PKA). We therefore wished to determine whether the observed inhibitory
effect of PGE2 and forskolin on CCN2/CTGF expression required PKA activity. Several
inhibitors of PKA are available, but not all are entirely specific. For example, H89 inhibits
ROCK even more potently than it inhibits PKA, whereas KT5720 has not been demonstrated
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to inhibit the activity of ROCK (45). ROCK has been shown to mediate TGFβ1 regulation of
CCN2/CTGF in some cells (46). Thus, cultures of human lung and gingival fibroblasts were
pretreated with 1 μM KT5720 for 1 h. Media were then removed and replaced with fresh media
containing 1 μM KT5720 and concentrations of PGE2 as indicated. After a 30-min incubation,
cells were refed with the indicated concentrations of KT5720, PGE2, and 5 ng/ml TGF-β1 and
incubated for 6 h prior to harvest and analysis of cell layer protein. Data show that the inhibition
of PKA by KT5720 prevents the complete inhibition of CCN2/CTGF expression by 10 nM

PGE2 in cultures of human lung fibroblasts (Fig. 10A), and the modest inhibition by 1 μM

PGE2 in gingival fibroblasts (Fig. 10B). Thus, in both lung and gingival fibroblasts, the
PGE2-mediated inhibition of the TGFβ1-stimulated expression of CCN2/CTGF is mediated
by activated PKA.

PGE2 Activates JNK via the EP3 Prostaglandin Receptor in Human Gingival Fibroblasts
Whereas we observed elevated cAMP levels in gingival fibroblasts in response to 1 μM PGE2
and 10 μM forskolin (Fig. 4), we found that the inhibition of the TGFβ1-induced expression of
CCN2/CTGF protein was greater in response to forskolin (10 μM) than 1 μM PGE2 in these cells
(Fig. 2B). We hypothesized that although increased cAMP can inhibit the activation of JNK,
PGE2 may counteract this inhibition through the PGE2 receptor-stimulated phosphorylation of
JNK. Cultures of gingival fibroblasts were treated with either TGFβ1 (control) or 1 μM PGE2
to determine the effect of PGE2 on the activation of JNK. We found that 1 μM PGE2 alone
activates JNK in these cells but this stimulation was less than that induced by TGFβ1 alone
(Fig. 11A). To further characterize the mechanism through which PGE2 stimulates the
activation of JNK, we treated gingival fibroblast cultures with agonists for the EP2 or EP3
prostanoid receptor, butaprost or sulprostone, respectively. Stimulation of EP3 with
sulprostone resulted in a robust increase in phosphorylated JNK (Fig. 11B). The stimulation
of gingival fibroblasts with the EP2 agonist butaprost or forskolin, both of which are capable
of stimulating the accumulation of cAMP, resulted in only a small increase in the
phosphorylation of JNK (Fig. 11B). We conclude that a contributing mechanism by which
gingival fibroblasts resist the inhibitory effects of PGE2, and cAMP, on the TGFβ1-induced
expression of CCN2/CTGF is the stimulation of JNK activation through the activity of the EP3
receptor.

EP3 Prostanoid Receptor Stimulation Increases CCN2/CTGF Independent of TGFβ1
The dramatic increase in JNK activation induced by stimulation of the EP3 receptor led us to
hypothesize that EP3 receptor activity could lead to CCN2/CTGF expression independent of
TGFβ1. This would be significant in gingival tissues as these tissues are persistently in contact
with elevated levels of PGE2 in vivo. In addition, the phenytoin-induced increase in PGE2
biosynthesis that occurs in gingival fibroblasts (57-59) may perpetuate the fibrotic response
induced by CCN2/CTGF via EP3 stimulation. Cultures were serum starved, and treated with
1 μM sulprostone for 4 h prior to harvest of total RNA or 6 h prior to harvest of cell layer protein.
Real time PCR and Western blot analysis of CCN2/CTGF mRNA and protein revealed that
the stimulation of EP3 with its specific agonist sulprostone results in a ∼1.6-fold increase in
CCN2/CTGF mRNA (Fig. 12A) and protein (Fig. 12, B and C) in gingival fibroblast cultures
compared with no treatment control cultures.

EP3 Prostanoid Receptor Stimulation Partially Rescues Forskolin-inhibited CCN2/CTGF
Expression

We have shown that the receptor-independent activator of adenylate cyclase, forskolin, results
in a more robust inhibition of CCN2/CTGF expression in contrast to PGE2 (Figs. 1A and 2)
and that forskolin specifically interferes with the activation of JNK by TGFβ1 (Fig. 8A).
Because the activation of the EP3 receptor of PGE2 stimulates JNK activation independent of
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TGFβ1, we surmise that this activation is a contributing mechanism by which gingival cells
resist the inhibitory effects of PGE2 on CCN2/CTGF expression induced by TGFβ1. We
wished to determine whether the targeted activation of EP3 could overcome the inhibitory
effects of forskolin on CCN2/CTGF expression through the EP3-mediated activation of JNK.
To test this, cultures were serum starved, and pretreated for 1 h with forskolin alone or in
combination with sulprostone. Media was then replaced with fresh medium containing
identical concentration(s) of forskolin/sulprostone and 5 ng/ml TGFβ1 and incubated for an
additional 6 h prior to harvest of cell layer protein. Our data indicate that the stimulation of
EP3 partially restored the TGFβ1-induced expression of CCN2/CTGF inhibited by forskolin
(Fig. 13).

The net result in gingival fibroblasts is that PGE2-dependent elevations of cAMP and
subsequent activation of PKA have only a small inhibitory effect on TGFβ1-stimulated CCN2/
CTGF levels compared with the effects of PGE2 on stimulating cAMP/PKA in lung fibroblasts.
At the same time, PGE2 stimulates JNK and CCN2/CTGF expression in gingival fibroblasts
via the EP3 prostaglandin receptor, further contributing to persistent expression of CCN2/
CTGF (Fig. 14). By contrast, in lung cells, PGE2 causes a robust increase in cAMP that inhibits
all three major MAP kinases and blocks CCN2/CTGF expression via a PKA-dependent
mechanism.

DISCUSSION
This study provides direct evidence that human gingival fibroblasts are resistant to PGE2 down-
regulation of TGFβ1-stimulated CCN2/CTGF levels, and that this resistance is tissue-specific.
The mechanisms of resistance include a relative lack of inhibition of MAP kinase pathways
by cAMP in gingival fibroblasts, and a simultaneous stimulation of JNK activation by PGE2/
EP3 receptor activation. Moreover, in contrast to lung fibroblasts, we show that TGFβ1
stimulation of CCN2/CTGF levels in gingival cells is mediated primarily by JNK activation
and not by p38 or ERK1/2. Moreover, neither the canonical TGFβ1 receptor-induced activation
of Smad3 nor the nuclear localization of activated Smad3 are hindered by JNK MAPK.
Elevated CCN2/CTGF levels contribute to fibrosis (47). These findings, therefore, are of
potential clinical importance as they begin to identify pathways and mechanism(s) through
which CCN2/CTGF levels are maintained in fibrotic gingival tissues in the presence of
PGE2. The experimental approach of directly comparing the role of the three major MAP kinase
pathways in mediating and maintaining CCN2/CTGF levels has, in addition, provided new
insights into CCN2/CTGF regulation in lung fibroblasts. For example, we report that lung cells
are highly efficient at increasing cAMP levels in response to PGE2, and that all three MAP
kinases are inhibited in these cells in a cAMP/PKA-mediated mechanism. We show for the
first time that the cAMP/PKA-dependent inhibition of all three MAP kinases, in turn, results
in potent down-regulation of TGF-β1-stimulated CCN2/CTGF levels in lung fibroblasts.

It is well recognized that TGFβ1-dependent signal transduction pathways include activation
of Smads (48,49). Activation of Smad3 in particular is necessary but not sufficient for
TGFβ1 stimulation of CCN2/CTGF production in normal fibroblasts (50,51). It is understood
that some effects of TGFβ1 are tissue or cell type-specific, and that TGFβ1-stimulated signal
transduction pathways that are independent of primary Smad activation occur (52).

Specific and differential activation of MAP kinase pathways can mediate cell type or tissue-
specific effects of TGFβ1 (35). Thus, the present study has focused on the presence or absence
of cross-talk between PGE2-stimulated pathways and TGFβ1 stimulation of the three major
MAP kinase pathways. As cAMP is a major mediator of PGE2 effects, we investigated the
relationship between TGFβ1 stimulation of CCN2/CTGF production in the context of MAP
kinase activation, and effects of PGE2 and cAMP production. Direct comparative analyses of
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lung and gingival cells were highly informative and confirmed that tissue-specific effects are
in fact mediated by differences in the relationships between these pathways.

There are few previous examples of cAMP cross-talk with MAP kinase pathways. A consistent
finding is that cAMP inhibits activation of ERK or p38 MAP kinases (53-55). No effect of
cAMP on Smad activation has been observed so far (56). To our knowledge, the present study
is the first report that cAMP can inhibit the activation of JNK. It is interesting that in gingival
fibroblasts, JNK is the primary MAP kinase inhibited by forskolin/cAMP, and that ERK and
p38 are largely unaffected, whereas in lung cells all three MAP kinases are inhibited by
forskolin treatment. Moreover, this inhibition is functional with respect to CCN2/CTGF
regulation, as we have shown by MAP kinase inhibitor studies in lung cells that all three MAP
kinases contribute to TGFβ1-stimulated CCN2/CTGF production. Only the combined
inhibition of JNK and either p38 or ERK results in the complete inhibition of the TGFβ1-
induced expression of CCN2/CTGF in lung fibroblasts. This finding is somewhat similar to
findings in a recent study using human lung HFL-1 fibroblasts in which JNK was found to be
the primary MAP kinase mediating TGFβ1-stimulated increases in CCN2/CTGF (57). As
TGFβ1 concentrations were not identical between the current study and the previous study, it
is likely that this or other differences in treatment conditions could account for inconsistencies
between the two studies. It is notable that our comparisons between lung, kidney, and gingival
fibroblastic cells were all performed under identical experimental conditions, and, therefore,
permit direct investigation of tissue-specific differences in signal transduction pathways.

PGE2 exerts its effects on cells through binding and activating receptors EP1-4. EP2 and EP4
have been most often associated with elevating cAMP levels in target cells (37). The role of
EP2 appears to be more essential in maintaining cAMP production because it has been
suggested that EP4 may be desensitized through its subsequent phosphorylation by PKA
activated in response to elevated cAMP, whereas EP2 is not (58,59). Our studies in lung cells
indicate that the direct stimulation of the EP2 receptor with its specific agonist butaprost
completely blocked CCN2/CTGF expression and mimics the effects of forskolin and PGE2
itself. In gingival fibroblasts, however, EP2 stimulation resulted in only a small reduction of
CCN2/CTGF expression, as did forskolin. Interestingly, stimulation of the EP3 receptor with
its agonist, sulprostone, in combination with TGFβ1 resulted in a slight increase in CCN2/
CTGF protein in gingival fibroblasts compared with cultures treated with TGFβ1 alone.
Stimulation of EP3 receptor present at trace levels in Rat-1 cells could possibly also account
for the increased level of CCN2/CTGF seen previously in Rat-1 fibroblasts (32).

It is interesting that gingival fibroblasts and lung fibroblasts differ so markedly in the ability
to generate cAMP in response to PGE2. This diminished ability of gingival fibroblasts to
produce cAMP in response to PGE2 is likely to contribute to the observed resistance of gingival
fibroblasts to the effects of PGE2 because many of these effects are mediated by cAMP
activation of PKA. At this point it is unclear by which molecular mechanisms the difference
in cAMP accumulation occur. Preliminary analyses of EP1-4 receptor protein levels in gingival
fibroblasts and lung fibroblasts do not show significant differences (data not shown),
suggesting that differential expression of these receptors does not account for the difference
in sensitivity to PGE2. It is more likely, therefore, that differences exist in the relative activity
or levels of adenylyl cyclases, phosphodiesterases, or that a tissue-specific feedback
mechanism is involved in regulating the activity of adenylyl cyclases or phosphodiesterases,
respectively. As forskolin, a stimulator of adenylyl cyclase activity, does stimulate significant
levels of cAMP in gingival fibroblasts, it seems likely that these cells may limit cAMP
accumulation by producing elevated levels of phosphodiesterases. These questions are
currently under investigation. It is important to recognize that data presented indicates that
gingival fibroblast CCN2/CTGF is relatively insensitive to cAMP elevations. Treatment of
gingival fibroblasts with 1 μM PGE2, which resulted in elevated cAMP levels, did not result in
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the potent down-regulation of TGFβ1-stimulated CCN2/CTGF expression that was observed
in lung cell cultures. This suggests that additional mechanisms occur in gingival fibroblasts
that confer resistance to the inhibitory effects of elevated cAMP levels in gingival fibroblasts,
and we have identified these pathways in the present study.

Pro-inflammatory processes exacerbate phenytoin-induced gingival overgrowth (60). Pro-
inflammatory cytokines including tumor necrosis factor α and interleukin-1β increase PGE2
production in gingival fibroblasts, and these effects are further stimulated by phenytoin
(61-63). We suspect that in the presence of phenytoin and inflammatory cytokines, increased
PGE2 production by gingival fibroblasts could prime cells for the increased expression of
CCN2/CTGF by activating JNK via the EP3 prostanoid receptor. Exposure to TGFβ1 would
then further induce CCN2/CTGF expression and promote the progression of fibrosis as is
observed in patients with phenytoin-induced gingival overgrowth (64). The reliance on one
MAPK signaling pathway (JNK) in gingival fibroblasts in promoting CCN2/CTGF expression
by TGFβ1 and the ability of PGE2 to stimulate JNK activation, in combination with the limited
cAMP production in these cells, appear to provide gingival cells a tissue-specific mechanism
by which they can maintain CCN2/CTGF expression and balance of extracellular matrix
accumulation with turnover under normal physiologic conditions. These same mechanisms
may also serve to allow the gingiva-specific, pathologic accumulation of excess extracellular
matrix in the presence of phenytoin by conferring resistance to down-regulation of CCN2/
CTGF by inflammatory mediators including PGE2. Moreover, excess PGE2 may serve to
perpetuate the fibrotic response in gingival cells to phenytoin because we have demonstrated
that the targeted stimulation of the EP3 receptor alone stimulates CCN2/CTGF expression. In
summary, our data identify two mechanisms by which the TGFβ1-stimulated expression of
CCN2/CTGF in human gingival fibroblasts are resistant to the down-regulation by PGE2; (i)
cAMP cross-talk with MAPK pathways is limited in gingival fibroblasts and (ii) PGE2
activation of the EP3 prostanoid receptor stimulates the activation of JNK and limits cAMP-
dependent down-regulation of the TGFβ1-induced, JNK-dependent expression of CCN2/
CTGF.
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FIGURE 1. Gingival fibroblasts are resistant to PGE2 down-regulation of TGF β1-stimulated
CCN2/CTGF levels
Cultured fibroblasts derived from different human tissues were treated with 10 nM PGE2 or 10
μM forskolin for 30 min prior to the addition of 5 ng/ml TGFβ1 and CCN2/CTGF mRNA and
protein levels were determined by real time PCR or Western blot analysis following a 4- or 6-
h incubation, respectively. CCN2/CTGF mRNA expression in response to 1 μM PGE2 was also
evaluated in gingival fibroblasts. A, real time PCR analysis of RNA isolated from cultured
human IMR90 lung, renal, and gingival fibroblastic cells. Data are measured as the mean ±
S.D. Analyses were conducted using triplicate cultures and experiments were repeated at least
three times with identical results. CCN2/CTGF mRNA expression was normalized to
glyceraldehyde-3-phosphate dehydrogenase mRNA and compared with no treatment control
cultures for the evaluation of statistically significant changes (*, p < 0.0005, **, p < 0.005, #
p < 0.0001). B, Western blot analysis of the inhibition of the TGFβ1-induced expression of
CCN2/CTGF protein by PGE2 in human gingival fibroblasts, lung fibroblasts, and renal
mesangial cells. Total β-actin was used as a gel-loading control. Each analysis was conducted
at least twice with identical results.
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FIGURE 2. Weak down-regulation of CCN2/CTGF protein by 1 μM PGE2 and forskolin in human
gingival cells
Human gingival fibroblast cultures were treated with 10 nM PGE2, 1 μM PGE2, or 10 μM forskolin
30 min prior to the addition of 5 ng/ml TGFβ1. Total protein was collected 6 h later and CCN2/
CTGF protein expression was determined via Western blot analysis. A, Western blots showing
CCN2/CTGF protein expression in human gingival fibroblasts in response to micromolar
concentrations of PGE2 or forskolin and 5 ng/ml TGFβ1. B, densitometric analysis of CCN2/
CTGF protein expression in gingival fibroblasts from three separate experiments. Data are
represented as the mean ± S.D. and statistical evaluation per each experimental condition
determined (*, p < 0.005; **, p < 0.0005) versus cultures stimulated with TGFβ1 alone.
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FIGURE 3. EP2 and EP3 prostaglandin receptor agonist regulation of TGFβ1-stimulated CCN2/
CTGF
Fibroblast cultures were pretreated for 30 min with an agonist of either EP2 or EP3 prostanoid
receptors, butaprost and sulprostone, respectively, prior to the addition of 5 ng/ml TGFβ1.
Cultures were incubated for an additional 4 h prior to harvest of total RNA for real time PCR
analysis or 6 h prior to harvest of total protein for Western blot. A, real time PCR analysis
demonstrating that CCN2/CTGF mRNA expression is completely inhibited by EP2, but not
EP3, receptor stimulation in human lung fibroblasts (**, p < 0.005). Stimulation of the EP2
prostanoid receptor with butaprost only partially reduced CCN2/CTGF mRNA in human
gingival fibroblasts (*, p < 0.01). Data represent the mean ± S.D. from at least three separate
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experiments, each performed in triplicate. CCN2/CTGF mRNA was normalized to
glyceraldehyde-3-phosphate dehydrogenase mRNA expression. B, Western blot for CCN2/
CTGF protein levels normalized to β-actin showing that the TGFβ1-stimulated expression of
CCN2/CTGF protein was completely blocked by the activation of EP2 but not EP3 in human
lung fibroblasts, and (C) the activation of the EP3, but not the EP2, prostanoid receptor slightly
increased the TGFβ1-induced expression of CCN2/CTGF protein in human gingival
fibroblasts. Western blot analyses were conducted at least twice with identical results.
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FIGURE 4. PGE2-stimulated cAMP production by human lung and gingival fibroblasts
Fibroblast cultures were treated with 10 nM PGE2, 1 μM PGE2, or 10 μM forskolin for the times
indicated. Cyclic AMP levels were assessed using cAMP ELISA as described under
“Experimental Procedures” and normalized against total cell layer protein as determined by
the Bradford assay. Each experimental condition was performed multiple times (n = 5). Data
are expressed as the mean ± S.D. Statistically significant increases in cAMP are based on
comparison with control versus treated cultures of the same cell type. In lung but not gingival
fibroblast cultures, 1 μM PGE2 stimulated a significant increase compared with stimulation with
10 μM forskolin (*, p < 0.005; **, p < 0.02; # p < 0.00001; ≪ p < 0.001).
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FIGURE 5. MAP kinase inhibitors and effects on TGFβ1-stimulated CCN2/CTGF production
Cultured human lung and gingival fibroblasts were treated with MAPK inhibitors for 1 h and
media was then replaced with fresh MAPK inhibitor and 5 ng/ml TGFβ1. CCN2/CTGF mRNA
and protein expression levels were determined by real time PCR or Western blot analysis
following a 4- or 6-h incubation, respectively, following the introduction of TGFβ1. Real time
PCR and Western blot analyses in cultures of gingival fibroblasts (A and B), or IMR90 lung
fibroblasts (C and D), are shown, respectively. Each experimental condition was conducted in
triplicate and each experiment conducted twice with identical results. E, densitometric analysis
from four separate experiments was conducted to determine the extent of inhibition on gingival
CCN2/CTGF protein expression by the JNK inhibitor SP600125 (*, p < 0.05; #, p < 0.01; **,
p < 0.005).
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FIGURE 6. The overexpression of dominant-negative JNK1 blocks CCN2/CTGF expression
Gingival fibroblasts infected with recombinant adenovirus as described under “Experimental
Procedures.” Infection with recombinant adenovirus resulted in nearly 100% infection
efficiency and expression of β-galactosidase (data not shown). With an identical viral load of
recombinant adenovirus expressing a dominant-negative (DN) form of JNK1 (p46), infected
cultures showed an increase in the expression of JNK1 2-2.5-fold greater compared with
uninfected cultures as determined using Western blot (A), normalized to total JNK2. Gingival
fibroblast cultures infected with DN-JNK1 expressing adenovirus resulted in a significant
decrease in the TGFβ1-induced expression of CCN2/CTGF (B and C) (*, p < 0.0005). No
significant difference in CCN2/CTGF protein levels was determined between Ad-β-
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galactosidase-infected control cultures and cultures infected with adenovirus expressing DN-
JNK1 and treated with TGFβ1. Three separate experiments are represented by these data.
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FIGURE 7. JNK inhibition does not inhibit TGFβ-1-induced Smad-3 activation or nuclear
localization
Treatment of gingival fibroblast cultures with 10 μM MAPK inhibitors, or 20 μM of the JNK
inhibitor SP600125, had no effect on the TGFβ1-induced phosphorylation of Smad-3 (A).
Inhibition of JNK activity with 10 μM SP600125 did not inhibit the nuclear localization of
Smad-3 stimulated by TGFβ1 (B). Experiments were conducted twice with identical results.
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FIGURE 8. Effect of forskolin on TGFβ1-stimulated MAPK activation
Fibroblast cultures were treated with 5 ng/ml TGFβ1 for the times indicated and total cellular
protein was harvested for Western blot analysis of the phosphorylation status of MAPKs (JNK,
ERK, and p38). Forskolin (10 μM) was added to some cultures for 30 min prior to the addition
of TGFβ1 to determine the effect of forskolin on MAPK activation. Forskolin-mediated
inhibition of MAPK activation in human gingival fibroblasts (A) and human lung fibroblasts
(B) is shown. Each experiment was performed at least twice with identical results. P-MAPK,
phosphorylated MAPK; T-MAPK, total MAPK.
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FIGURE 9. Effect of pairs of MAP kinase inhibitors on TGFβ1-stimulated CCN2/CTGF levels
Cultures of IMR90 lung fibroblasts were pretreated with different combinations of MAPK
inhibitors for 1 h, or 10 nM PGE2 for 30 min, prior to the addition of 5 ng/ml TGFβ1. Cultures
were then incubated for an additional 6 h with fresh medium containing fresh MAPK inhibitor
or PGE2 and TGFβ1 prior to harvest of total cellular protein for Western blot analysis of CCN2/
CTGF protein. Experiments were conducted twice with identical results.
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FIGURE 10. PKA dependence of PGE2 regulation of TGFβ1-stimulated CCN2/CTGF
Cells were pretreated with 1 μM KT5720 for 1 h. Medium was aspirated and replaced with fresh
medium containing KT5720 and the indicated concentrations of PGE2 and incubated for 30
min. Medium was again removed and replaced with medium containing KT5720, PGE2, and
5 ng/ml TGFβ1. After a 6-h incubation, total cell layer protein was harvested for Western blot
analysis for CCN2/CTGF protein. A, the complete inhibition of CCN2/CTGF protein
expression is rescued by PKA inhibition in human lung fibroblasts. B, the modest inhibition
of CCN2/CTGF expression by PGE2 is relieved by the presence of the PKA inhibitor in human
gingival fibroblasts. Experiments were conducted twice with similar results.
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FIGURE 11. Regulation of JNK activation by TGFβ1, PGE2, EP-receptor agonists and forskolin
A, human gingival fibroblast cultures were treated with 1 μM PGE2 or 5 ng/ml TGFβ1 for the
times indicated and total cellular protein harvested for Western blot analysis of JNK
phosphorylation. B, Western blot for phosphorylated (P) and total (T) JNK showing that
treatment of gingival fibroblasts with a specific agonist of the EP3 receptor (sulprostone)
resulted in a strong stimulation of JNK. Experiments were conducted twice with identical
results.
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FIGURE 12. EP3 stimulation increases CCN2/CTGF expression independent of TGFβ1
Cultures of gingival fibroblasts treated with the EP3 agonist sulprostone that stimulates CCN2/
CTGF mRNA expression as determined by real time PCR analysis (A). Western blot analysis
of CCN2/CTGF protein levels demonstrate a similar increase in CCN2/CTGF protein in
response to stimulation with sulprostone (B and C) (*, p < 0.05). Data collected are
representative from three separate experiments.
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FIGURE 13. EP3 stimulation partially rescues CCN2/CTGF expression inhibited by forskolin
Gingival fibroblast cultures treated with forskolin, or a combination of forskolin and the EP3
agonist sulprostone, demonstrate that stimulation of the EP3 receptor partially rescues the
TGFβ1-induced expression of CCN2/CTGF inhibited by forskolin, representative Western blot
(A) and densitometric analysis from Western blots from three separate experiments (B) (*, p
< 0.05; **, p < 0.00005).
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FIGURE 14. Regulation of CCN2/CTGF expression in human gingival fibroblasts
In human gingival fibroblasts, the sole MAPK requirement for TGFβ1 to promote optimal
CCN2/CTGF expression is JNK. Whereas receptor-independent cAMP elevating agents
reduce JNK activation induced by TGFβ1, the stimulation of the EP3 prostanoid receptor by
PGE2 overcomes this inhibition by stimulating JNK activation to promote CCN2/CTGF
expression in these cells.

Black et al. Page 30

J Biol Chem. Author manuscript; available in PMC 2008 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


